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The Immunological Synapse of CTL Contains
a Secretory Domain and Membrane Bridges
CD4 function (Grakoui et al., 1999). Since CTL do not
require sustained signaling for their immediate effector
functions of degranulation and target cell death, it has
Jane C. Stinchcombe, Giovanna Bossi,
Sarah Booth, and Gillian M. Griffiths1
Sir William Dunn School of Pathology
South Parks Road not been clear whether an immunological synapse is
formed by these cells and where within such a structureOxford, OX1 3RE
United Kingdom granule secretion might occur.
More recently, a synapse has been described be-
tween B lymphocytes and APCs, leading to acquisition
by B cells of antigenic membrane proteins from theSummary
target (Batista et al., 2001). Transfer of antigen from
target to CTL during killing (Huang et al., 1999; HudrisierCytotoxic T lymphocytes (CTL) rapidly destroy their
targets. Here we show that although target cell death et al., 2001) has also been shown to render the CTL
increasingly susceptible to fratricide (Huang et al., 1999),occurs within 5 min of CTL-target cell contact, an im-
munological synapse similar to that seen in CD4 cells suggesting that this may be an important mechanism
in downregulation of CTL responses. We therefore de-rapidly forms in CTL, with a ring of adhesion proteins
surrounding an inner signaling molecule domain. Lytic cided to examine the site of CTL and target interaction,
and ask whether an immunological synapse was formed,granule secretion occurs in a separate domain within
the adhesion ring, maintaining signaling protein orga- what determines the site of degranulation delivering the
lethal hit, and by what mechanisms membrane proteinsnization during exocytosis. Live and fixed cell studies
show target cell plasma membrane markers are trans- might be transferred during this interaction.
ferred to the CTL as the cells separate. Electron mi-
croscopy reveals continuities forming membrane brid- Results
ges between the CTL and target cell membranes,
suggesting a possible mechanism for this transfer. CTL Polarize Their Lytic Granules and Trigger Target
Cell Apoptosis Rapidly after Cell Contact
Introduction To determine the time scale of events in CTL-target cell
interaction, we exploited the fact that the lytic granules
Activated CD8 cytotoxic T lymphocytes (CTL) play an of CTL are modified lysosomes, often referred to as
important role in destroying tumorigenic and virally in- secretory lysosomes (Burkhardt et al., 1990; Peters et
fected cells. This killing is highly efficient and involves al., 1991). These organelles can be labeled in vivo using
only transient interaction between CTL and target. Mov- LysoTracker Red DND-99, a cell-permeant dye which
ies of living cells have shown that CTL are serial killers accumulates and fluoresces in acidic compartments in
capable of destroying targets within times as short as live cells. CTL derived from C57BL/6 mice and loaded
2–10 min (Matter, 1979; Rothstein et al., 1978; Sand- with LysoTracker Red DND-99 were mixed with P815
erson, 1976; Zagury et al., 1975) and then killing further target cells expressing the EYFP-tagged palmitoylation
targets only 6 min later (Poenie et al., 1987). Upon target domain of neuromodulin, which labels the plasma mem-
cell recognition, CTL rapidly polarize their microtubule brane (P815-pEYFP-mem), and the live cells were fol-
organizing center (MTOC), Golgi complex (Geiger et al., lowed in vivo using confocal video microscopy. Figure 1
1982; Kupfer and Singer, 1989), and lytic granules (LG; illustrates single images from the time-lapse video shown
Yannelli et al., 1986) toward the target cell. These gran- in Supplemental Movie S1 at http://www.immunity.com/
ules, which contain the proteins capable of destroying cgi/content/full/15/5/751/DC1, which illustrates the
the target cell (Page et al., 1998), fuse with the CTL events that follow establishment of a tight contact be-
plasma membrane at the site of contact and release their tween the two cells (defined as t  0; Figure 1A). Within
contents toward the target (Peters et al., 1989). the first minute of interaction, granules visible within this
Recent studies have described an “immunological syn- plane of focus begin to move toward the contact site
apse” formed by CD4 T lymphocytes and their antigen- (Figures 1A–1C). Intriguingly, by 90 s (Figure 1D), an
presenting cells (APCs), which involves rearrangement of indentation has appeared in the target cell membrane
cell surface proteins into a distinct topological organi- directly opposite one of the CTL granules, and this marks
zation (reviewed in Davis and van der Merwe, 2001; the region where the rest of the granules subsequently
Delon, 2000; Delon and Germain, 2000). Signaling mole- accumulate (Figure 1F). This is strikingly shown in the
cules cluster in a central supramolecular activation com- animated version (Supplemental Movie S1), where the
plex (cSMAC) surrounded by adhesion molecules, such granules can be seen streaming around both sides of
as LFA-1, in the peripheral SMAC (pSMAC; Monks et the nucleus toward this single point at the contact site.
al., 1998). The finding that this organization is stable By 3 min of CTL-target cell interaction, granule polariza-
and can be maintained for several hours has led to the tion is complete, and already by 4–5 min, the membrane
suggestion that the synapse is important in providing of the target cell shows signs of membrane blebbing,
sustained T cell receptor (TCR) signaling required for characteristic of apoptotic cell death (Figures 1G and
1H). Although the target is clearly dying after 5 min of
CTL-target cell interaction, several of the granules have1 Correspondence: gillian.griffiths@path.ox.ac.uk
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Figure 1. Lytic Granule Polarization and Target Cell Death Occur Rapidly after CTL-Target Cell Contact
Selected images taken from the live cell time-lapse video microscopy shown in Supplemental Movie S1. CTL (left) were loaded with LysoTracker
Red DND-99 (red) and added to P815 target cells (right) expressing pEYFP-mem (green). Images taken at 0 (A), 40 (B), 60 (C), 90 (D), 120 (E),
180 (F), 240 (G), and 300 (H) s intervals after the establishment of cell-cell contact are shown. Nomarski differential interference contrast (blue)
and 1 m confocal fluorescence (red and green) images are shown superimposed for each time point. Asterisks indicate the point in the
membrane to which the LG polarize (F–H), where an indentation in the target cell plasma membrane appears (D). Note that in (G) and (H), the
target cell membrane shows blebbing characteristic of apoptotic cell death. The scale bar represents 10 m.
not released their fluorescent content, and even after et al., 1982; Kupfer and Dennert, 1984; Kupfer et al.,
1985, 1986), granule polarization is preceded by reorien-14 min (Supplemental Movie S1), labeled granules are
tation of the MTOC followed by the Golgi complex tostill visible in the CTL. This suggests that CTL do not
the point of contact between the two cells (Figure 2B).need to exocytose all of their granules for a target cell
The granules polarize, clustering behind and around theto be killed. Despite the fact that some variation in the
MTOC and Golgi complex (Figure 2C). The MTOC andtime taken to kill targets was seen between CTL derived
Golgi complex shift closer to the contact site, and thefrom different strains of mice, the results described
granules align tightly with the contact membrane on theabove were remarkably reproducible. Granules consis-
other side of the MTOC/Golgi complex cluster (Figuretently focused toward a point at the contact site where
2D). Figure 2E shows the dramatic decrease in the totalan indentation appeared in the target cell membrane.
fluorescent signal given using antibodies against gran-
ule content in tightly polarized cells compared with un-
Talin Accumulation Precedes Granule Polarization polarized cells (Figure 2A), consistent with the secretion
We previously showed that in CTL-target cell conjugates of granule content during target cell killing.
in which the granules were polarized, talin was present To study the relative time scales of granule polariza-
in a ring-like structure at the contact site membrane, tion and markers of synapse formation, we looked at
suggesting reorganization of membrane proteins was the distribution of talin at different stages of granule
occurring along the contact site (Stinchcombe et al., polarization (Figures 2F–2J). In the absence of P815
2001). In order to establish the relationship between targets, antibodies against talin give a very weak cyto-
granule polarization and reorganization at the contact solic staining with very little signal associated with the
site, we examined conjugates for markers of polarization CTL membrane (Figure 2F). However, significant
and synapse formation. CTL and P815 target cells were amounts are recruited to the cytosolic face of the mem-
mixed and plated onto microscope slides for 30 min, a brane across the contact site upon interaction with tar-
time which allows the cells to adhere and significant get cells and before either the CTL MTOC or granules
numbers of CTL to find their targets. Conjugates were have polarized (Figure 2G; 8% of conjugates). This mem-
then fixed and stained with antibodies against the solu- brane-associated talin is rapidly reorganized into a ring-
ble lysosomal hydrolase cathepsin D, the cis-Golgi 58 like structure, and occurs after MTOC but before granule
kDa protein (p58), and tubulin, to identify the granules, polarization (Figure 2H). In 17% of conjugates, the cen-
Golgi complex, and microtubule cytoskeleton, respec- tral hole lacking talin is very broad and the granules
tively. Since CTL encounter their targets at different are unpolarized (Figure 2H). In 65% of conjugates, the
points during the 30 min incubation, different cells within granules are polarized and the talin hole is narrower
a single sample are trapped at different stages of inter- (Figure 2I). Interestingly, the size of this hole varies be-
action and granule polarization. These stages are shown tween conjugates (Figures 2I and 2J), and may reflect
in Figures 2A–2E. In the absence of target cells (Figure the section viewed or different strengths of TCR recogni-
2A), the MTOC and Golgi complex have a perinuclear tion. In 10% of conjugates with a talin hole, virtually all
localization and the granules are dispersed along micro- granzyme A labeling was absent, suggesting all granules
were secreted.tubules throughout the cell. As shown previously (Geiger
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an antibody against the LFA-1-specific CD11a subunit)
is distributed around the CTL membrane (Figure 3B).
Little overlap is seen between these two markers (Figure
3C). Upon contact with the target, CD11a (Figure 3E),
like talin (Figure 3D), becomes concentrated at the con-
tact site, forming an outer ring (Figure 3F) resembling
the pSMAC described upon CD4 interaction with APCs
(Monks et al., 1998).
Low levels of Lck are already associated with the CTL
plasma membrane before interaction with a target, while
PKC- is entirely cytosolic (data not shown). However,
high levels of both proteins become concentrated at the
contact site upon target cell recognition, where they
form a sharp, distinct patch within the CD11a adhesion
ring (Figures 3G–3L). The phosphatase involved in the
activation of Lck, CD45, is largely excluded from the
immunological synapse (Figures 3M–3O).
Overall, the arrangement of proteins at the CTL syn-
apse resembles that described for CD4 T lymphocytes,
with proteins involved in TCR signaling forming a central
cSMAC within a pSMAC containing the adhesion mole-
cules. However, two subtle differences are observed.
First, in all cases, the patch of signaling proteins at the
CTL contact site membrane is asymmetric and concen-
trated to one side of the hole in the LFA-1 ring, leaving
a gap between the signaling and adhesion protein do-
mains (e.g., Figures 3I and 3L). This gap is consistently
seen with all the signaling and adhesion molecules
tested. Second, significant, but lower levels of PKC-
are also present in the pSMAC (Figures 3J–3L). Very
little PKC- is observed at the membrane outside the
contact site. One interesting point is that while antibod-
ies can gain access to proteins within the contact site
of fixed conjugates, those which are known to block
interactions in vivo (e.g., blocking antibodies to CD18;
data not shown) cannot do so.
Granule Secretion Occurs between the Signaling
and Adhesion Domains
To determine where granule exocytosis was occurring
Figure 2. Early Morphological Events Occurring in the CTL upon
within the synapse, CTL-target cell conjugates were la-Target Cell Recognition
beled with antibodies against markers of the granules,Confocal images showing CTL mixed with P815 target cells stained
pSMAC and cSMAC, and analyzed by confocal micros-with antibodies against cathepsin D (blue), tubulin (green), and either
copy. Three-dimensional (3D) and z axis image recon-cis-Golgi protein, p58 (A–E), or talin (F–J) (red). CTL which have not
encountered targets are shown in (A) and (F). CTL (right) target (left). struction was used to visualize the contact site (Figure
The scale bar represents 4 m. 4; Supplemental Movies S2 and S3). Like talin (e.g., Fig-
ure 2G), Lck and PKC-were found to accumulate at the
CTL-target cell contact site before the granules polarize
(data not shown) and remain there during polarization.An Immunological Synapse Forms in CTL
upon Target Cell Interaction Both single (2D) confocal sections (x-y; Figure 4A) and
3D image reconstruction (x-y-z; Figure 4B; Supplemen-To investigate whether an immunological synapse simi-
lar to that characterized between CD4 cells and their tal Movies S2, S4, and S5; Supplemental Figure S1) show
the granules (blue) align to one side of the LFA-1 (green)APCs is formed between CTL and their targets, we ex-
amined the distribution of several additional surface and hole, and appear to be “inserted” in a gap between the
signaling protein (Lck; red) and adhesion domains. Zcytoplasmic proteins shown to have distinct localiza-
tions at the CD4-APC contact site. axis image reconstruction of the samples in the plane
of the contact site was then used to give an en faceIn CD4 cells, talin is recruited to the CD11a-CD18
(LFA-1) complex, which accumulates in the pSMAC of view of the proteins at the CTL immunological synapse
(Figure 4C). This shows clearly that the signaling proteinthe immunological synapse and surrounds the cSMAC-
containing signaling molecules such as Lck and PKC- region (Lck; red) and granule contents (cathepsin D;
blue) are organized into two distinct, nonoverlapping(Monks et al., 1998). As shown in Figures 3A–3F, in the
absence of targets when talin is dispersed throughout zones within the adhesion ring (LFA-1; green). Quantita-
tion of 40 conjugates in which Lck was accumulated atthe cytoplasm of CTL (Figure 3A), LFA-1 (identified using
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Figure 3. Signaling and Adhesion Molecules Occupy Distinct Domains within the CTL-Target Contact Site Membrane
Confocal images showing samples prepared as in Figure 2 and incubated with antibodies against CD11a (green, [B–O]), talin (red, [A, C, D,
F, M, and O]), Lck (red, [G and I]), PKC- (red, [J and L]), and CD45 (green, [N and O]). (A–C) show CTL which have not yet encountered a
target; (D–O) show CTL (right)-target (left) conjugates at a stage after talin ring formation.
Note that in (G–L), that although both Lck and PKC- concentrate within the CD11a ring, the signal is to one side of the CD11a hole, leaving
a gap in the labeling of the contact site. The scale bar represents 4 m.
the contact site revealed that granules were polarized The granules are dispersed throughout the cell (see Fig-
ures 2A and 2F), and none are visible within the 4.0 behind Lck in 42.5%, “inserted” next to Lck in 40%, and
completely secreted in 12.5% of cases. This is also very 4.0 m field surrounding the MTOC shown in this image.
Figure 5B shows MTOC polarization toward a “pointstriking in samples labeled with granzyme A (green), Lck
(red), and an antibody against actin (blue), which only contact” (arrow). The Golgi stacks and other cyto-
plasmic organelles including the mitochondria and gran-stains at the periphery of the contact site. Since the
adhesion ring is unlabeled in these samples, it appears ules appear to be streaming toward the polarized MTOC.
Other samples show extensive areas of tight membraneas a black ring (Figures 4D–4G; Supplemental Movies
S3, S6, and S7; Supplemental Figure S1). Intriguingly, contact between the CTL and target with the MTOC,
Golgi, and mitochondria polarized, while the granulesin cells with highly polarized granules, granule content
signal can often be detected on the target cell side of are distant from the plasma membrane (Figure 5C).
Consistent with the immunofluorescence data (Fig-the Lck domain, suggesting that it has been secreted
from the CTL (Figure 4G). Taken together, these results ures 2C, 2D, 2H, and 2I), the granules become increas-
ingly clustered around the Golgi complex and then moveshow that the granules of CTL are secreted at a defined
position of the immunological synapse and therefore to become tightly aligned with the CTL membrane (Fig-
ure 5D). Interestingly, granules line up with the contactsuggest that the synapse structure may play a role in
secretion. They also indicate that signaling protein orga- site on either side of the Golgi complex but are usually
excluded from the region immediately opposite thenization is maintained during granule exocytosis and
therefore that the signaling and secretory functions of MTOC (e.g., arrows in Figures 5D and 5E). In conjugates
where the granules are tightly apposed to the plasmathe CTL can occur separately and simultaneously.
membrane, gaps are seen between the two cell mem-
branes immediately opposite the sites of granule align-Granules Secrete at a Cleft between the CTL
and Target Cell Membranes ment (Figure 5D, arrowheads), and in some cases, the
granules appear to be releasing their content into theseOur studies suggest that the granules move to a specific
domain at the contact site for exocytosis. What defines gaps (Figure 5E). The areas of CTL membrane with no
aligned granules directly opposite the MTOC and Golgithis as the site at which secretion occurs? To investigate
events at the contact site in more detail, CTL were incu- complex and either side of the site of the clustered
organelles remain in tight contact with the target cellbated with fluid phase HRP overnight to load the secre-
tory lysosomes, and then mixed with P815 target cells, membrane. Sections taken below the area of membrane
interaction opposite the MTOC reveal that these gapsfixed, and analyzed by electron microscopy. In the ab-
sence of P815 targets, the centrioles of the CTL MTOC are part of a large “cleft” between the two otherwise
tightly associated cell membranes, which often appearsare in the central, perinuclear region of the cell sur-
rounded by elements of the Golgi complex (Figure 5A). as an indentation in the target cell membrane (Figure
Secretory Domain in the Immunological Synapse
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Figure 4. CTL Secretory Lysosomes Insert between the Signaling Molecule Patch and the Adhesion Ring
CTL-P815 target cell conjugates stained with antibodies against Lck (red) and either CD11a (green) and cathepsin D (blue, [A–C]), or granzyme
A (green) and actin (blue, [D–G]). CTL and P815 target cells are shown on the right and left, respectively, in (A), (B), and (E–G). Three separate
conjugates are shown (A–C, D–F, and G).
(A), (E), and (G) are single confocal sections, (B) and (F) are projected confocal sections taken 0.4 m apart through the sample (shown as
3D image reconstructions in Supplemental Movies S2 and S3), and (C) and (D) are z axis image reconstructions shown in the plane of the
contact site. The lytic granules insert to the side of the signaling protein marker (A, B, E, and F) within the adhesion ring (A and B). (C) and
(D) clearly show that the signaling and secretory molecules are distributed into two distinct domains within the adhesion ring (green in [C]
and shown by the black ring lacking signal in [D]) at the contact site. Note, especially in (B) and (F), that different stages of granule polarization
and secretion are happening simultaneously with some granules already inserted between the signaling patch and adhesion ring while others
are still polarizing.
(G) A single confocal section demonstrating granule content protein (green) appearing on the target cell (left) side of the CTL (right) membrane
defined by the Lck (red) signal. The scale bars represent 10 m (A, B, E, and F) and 4 m (G).
5F). These clefts are consistent with the indentations combe et al., 2001). This indicates that cleft formation
is independent of granule secretion and therefore raiseswhich form in the target cell membranes opposite the
site of CTL granule polarization observed in the live cell the possibility that the location of these clefts may define
the site of exocytosis.studies using P815-pEYFP-mem target cells (Figure 1D).
Images such as that shown in Figure 5E suggest that The organization of the molecules and structures at
the CTL-target cell interface suggested by our resultsthe cleft marks the site of degranulation. To examine this
in more detail, fixed preparations of CTL-P815-pEYFP- are summarized in the diagram in Figure 6D. This shows
the pSMAC adhesion ring enclosing both a domain con-mem conjugates were labeled with antibodies against
either talin (Figure 6A) or PKC- (Figure 6B) to identify taining signaling molecules and a separate domain in-
volved in exocytosis, and the relative orientation of thesethe CTL synapse structure, and granzyme A (Figure 6C)
and cathepsin D (Figures 6A–6C) to label the granule regions in the CTL membrane to the cleft which forms
in the target cell membrane.content. Figure 6 shows that the indentation in the target
cell membrane forms opposite the talin hole and to the
side of the signaling proteins PKC- (Figure 6B) and Lck CTL Acquire Target Cell Membrane Protein and Form
Membrane Bridges with the Targets(data not shown), and that the granule content proteins
are present within the cleft. Intriguingly, although both During these studies, we made two unexpected but re-
lated observations. First, in both live (Supplementalgranzyme A and cathepsin D can be detected within
these clefts, we often find that they preferentially label Movie S1) and fixed cell studies (Figure 7) using P815
target cells expressing pEYFP-mem, we frequently ob-with antibodies against granzyme A rather than cathep-
sin D, even though the granules remaining within the served that pEYFP-mem extends from this point over
the CTL cell surface (Figures 7B and 7C and, especiallycell may contain both markers (e.g., Figure 6C). To-
gether, these observations support the idea that the strikingly, in Supplemental Movie S1). In addition,
pEYFP-mem can also be seen in isolated CTL, sug-cleft represents the site of granule exocytosis and addi-
tionally suggest that the granule content accumulates gesting that the protein expressed by P815 has been
transferred to CTL (Figure 7A). Intriguingly, these CTLthere before entering the target cell. Interestingly, clefts
are also observed between the two cell membranes often have decreased levels of granule content marker,
suggesting that they have already released some of theirwhen target cells are conjugated with CTL from ashen
mice, which lack the small GTP binding protein rab27a granules. In order to determine whether the transfer of
membrane proteins is bidirectional, we stained conju-and are unable to secrete their granule content (Stinch-
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Figure 5. A Cleft Appears between the Two Cell Membranes Opposite the Site of Lysosome Secretion
Semithin (100–200 nm) stained sections of CTL loaded with HRP to identify secretory lysosomes in the absence of P815 targets (A) or after
conjugation with P815 targets (B–F) showing events at the contact site at different stages of lysosome polarization and exocytosis (compare
Figures 2A–2E). The two centrioles (asterisks) mark the position of the MTOC. Note that when LG are next to the plasma membrane, gaps
between the otherwise tightly apposed cell membranes appear opposite aligned LG (arrowheads, [D]), into which the LG appear to release
their content (E). Note that the LG never align directly opposite the MTOC/Golgi stack and that the membranes are in tight contact at this
point (arrow, [D and E]). A section just below that of the most aligned Golgi stacks which reveals that the gaps form part of a large cleft
between the two cells (F). m, mitochondria; n, nucleus; G, Golgi complex; LG, lytic granule. The scale bar represents 500 nm.
gates with antibodies to the MHC class I specific to the H2Dd is acquired by CTL, CD8 is not transferred to
the target cells. Figures 7E and 7F show two confocaltarget, H2Dd (Figures 7D–7G) and CD8 specific to the
CTL (Figures 7E–7G). These studies revealed that while sections through the same pair of cells after a 2 hr
Figure 6. The Cleft Appears as an Indenta-
tion in the P815 Target Cell Membrane Oppo-
site the Site of Granule Secretion
(A–C) CTL (right) conjugated to P815-pEYFP-
mem target cells (left; green) prepared as de-
scribed in Figure 2. In (A) is shown talin (red)
granzyme A (blue); in (B), Lck (red); and in (C),
granzyme A (red) and cathepsin D (blue). The
cleft between the cells can be seen as an
indentation into the target cell encircled by
the talin ring, which contains granule content.
(D) A model showing the arrangement of pro-
teins and structures at the CTL-target cell
contact site as seen in section through the
cell-cell contact site (left) and looking flat
down onto the contact site on the side of CTL
(right). The adhesion molecules (green) form
a ring of tight membrane:membrane contact
surrounding two separate and distinct do-
mains, one containing the signaling proteins
(red) and one which is opposite a gap be-
tween the otherwise tightly associated mem-
branes and at which the LG polarize, align,
and secrete their content (yellow). The ring
shown in blue represents proteins that are
excluded from the contact site. The scale bar
represents 4 m.
Secretory Domain in the Immunological Synapse
757
Figure 7. As CTL Detach, Membrane Transfers from the Target to the CTL and Membrane Bridges Are Observed between the Two Cell
Membranes
(A–F) Confocal images showing CTL after detachment (A) or in the process of detaching from P815-pEYFP-mem (B–D) or P815 (E and F)
target cells, fixed and labeled with antibodies against cathepsin D (blue) and Lck (red) (A–C); granzyme A (red) and H2Dd (blue) (D); H2Dd
(red), CD8 (green), and cathepsin D (blue) (E and F). All cells were conjugated for 30 min except for in (E) and (F), which were incubated for
120 min prior to fixation. (B) and (C), and (E) and (F) represent two separate section planes through the same pairs of cells.
(G) A conjugate is shown formed between two CTL labeled with CD8 (green), H2Dd (red), and cathepsin D (blue). The granules in the upper
cell are polarizing toward the lower cell with H2Dd at the interface.
(H–K) Semithin (100 nm) stained sections of CTL loaded with HRP to label the lytic granules and in the process of detaching from their
targets are shown. Note the disorganized arrangement of the organelles and the absence of LG from the contact site in the detaching CTL
(H). Additional examples of sites of membrane:membrane fusion on CTL-target cell detachment are shown in (I–K). (J) is a higher magnification
of (I). m, mitochondria; n, nucleus; G, Golgi complex. The scale bars represent 4 m in (A–G) and 250 nm in (H–K).
conjugation. These images reveal long processes ex- magnification over a range between45 and45 con-
firms that the two cell membranes are continuous attending from the target to CTL, with H2Dd tightly associ-
ated or incorporated into the plasma membrane of the these points (data not shown). Fusion of the CTL and
target cell membranes appears to occur independentlyCTL. Remarkably, conjugates can also be found be-
tween two CTL with H2Dd at the interface and the gran- of granule exocytosis, since it is also observed using
CTL derived from patients with genetic defects pre-ules of one CTL polarized toward the other (Figure 7G),
suggesting that acquisition of H2Dd is leading to CTL venting secretion. For example, in CTL derived from
patients with Chediak-Higashi syndrome, in which therecognition by CTL (fratricide).
The second observation was from EM images of con- granules can polarize but are unable to secrete their
content (Baetz et al., 1995), membrane fusion is alsojugates that were in the process of separating. These
cells can be identified because the MTOC and cyto- observed at the immunological synapse (J.C.S. and
G.M.G., unpublished data). This data raises the possibil-plasmic organelles in the CTL are not tightly polarized
toward the target cell but have a random and disorga- ity that the transfer of both pEYFP-mem and H2Dd from
the target cell to the CTL may occur by transfer of mem-nized arrangement, and the two cell membranes are
largely separated (Figures 7H and 7I). However, some brane at these points of fusion.
points of contact remain, and high magnification images
of these contact sites (Figures 7J and 7K) reveals them Discussion
to be points at which the two cell membranes have fused
together to form membrane bridges, creating channels Although it has long been known that the granules polar-
ize to the site of membrane contact between CTL andwith a central diameter ranging between 50 and 95
nm. Tilting of semithick (200–500 m) sections at high target (Peters et al., 1989; Yannelli et al., 1986), neither
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the molecular arrangement nor the precise site of gran- after the membranes of the two cells have formed a very
tight seal between the cells. Given the potency of theule secretion has been described. In this paper, we show
that, despite the rapid killing of targets by CTL, an immu- lytic proteins perforin and Fas ligand, this is likely to be
important in limiting exposure of these proteins to thenological synapse is formed between the two cells. The
granules are secreted at a specific site within the adhe- target cell recognized. Second, the granules polarize
and dock at a specific site defined by a cleft betweension ring, distinct from the signaling region of the immu-
nological synapse. Granule polarization and secretion the otherwise tightly apposed membranes of the two
cells. Curiously, the cleft seems to be formed by indenta-occur opposite a cleft, which is formed by indentation
of the target cell membrane. Our studies also reveal that tion of the target cell membrane (Figures 1D and 6).
Interestingly, these clefts have been seen before in EMdirect membrane fusion between CTL and target occurs
as a result of synapse formation and that the CTL ac- studies of CTL-target conjugates (Bykovskaja et al.,
1978a, 1978b; Geiger et al., 1982; Sanderson andquires membrane proteins from the target.
The overall structure of the CTL synapse is very similar Glauert, 1979). We do not know what triggers cleft for-
mation or why the granules should dock and fuse at thisto that described for CD4 cells engaged with APCs, with
adhesion molecules in a ring surrounding the signaling site, but it is clear that cleft formation is independent of
secretion as it is also seen in the synapses formed bymolecules (Monks et al., 1998). When a CTL is engaged
in killing a target, we find that CD11a and talin colocalize mutant CTL that cannot secrete their granules (Stinch-
combe et al., 2001).in the pSMAC, while Lck and PKC- cluster in the
cSMAC. CD3 is also localized in the cSMAC (data not Another point of interest is that the areas of tight
membrane contact and the organization of signalingshown), while CD45 appears to be excluded from the
synapse. We have also shown that the actin-polymeriz- proteins are both maintained during secretion. This sug-
gests that signaling can be maintained while secretioning complex Arp2/3 localizes to the center of the talin
hole (Stinchcombe et al., 2001), suggesting that some is occurring. Previous studies have shown that TCR sig-
naling in CTL not only stimulates secretion, but alsoactin may be present although inaccessible to antibody
or phalloidin. The major difference between the CD8 and results in the synthesis of new lytic proteins, which can
refill the granules (Isaaz et al., 1995). Therefore, sus-CD4 synapses is the presence of a distinct secretory
domain within the pSMAC of CD8 cells conjugated to tained signaling during secretion may well be important
in facilitating serial killing by CTL. Our results also sug-their targets. It is possible that a secretory domain exists
within the CD4 synapse but has simply not been de- gest that serial killing may not always require new syn-
thesis of lytic proteins. The time-lapse video microscopytected yet. Studies on CD4 cells showing that ionomycin
treatment increases cell surface expression of secretory shows that only a proportion of the LysoTracker-labeled
granules needs to be released in order to initiate signslysosomal proteins CD63 and Fas ligand within 5 min
(Bossi and Griffiths, 1999) support the idea that these of target cell death (Supplemental Movie S1). This sug-
gests that only a small number of granules need tosecretory organelles are present in CD4 cells. Interest-
ingly, the CTL synapse differs from that described for release their contents in order for a CTL to kill a target.
We frequently observe the same CTL going on to killan NK cell receiving a negative NK receptor signal where
the adhesion molecules appear to be surrounded by the subsequent targets. This indicates that CTL can then
go on to establish new contacts, and polarize and re-signaling molecules (Davis et al., 1999). It remains to
be seen whether the NK synapse adopts a CTL-like lease the content of further granules in order to continue
killing.structure upon receiving a positive signal which causes
granule secretion. Perhaps the biggest surprise of these studies was
what happens at late stages of CTL killing. We observeBy comparing the degree of granule polarization and
synapse formation by both light (Figure 2) and electron both transfer of membrane proteins from the targets to
CTL and direct membrane fusion between CTL and tar-(Figure 5) microscopy, we have been able to order these
events relative to one another. It should be emphasized get at the area of contact. Our finding that isolated CTL
carrying membrane proteins of the target cells are ob-that the CTL used are an allogeneic cell line (generated
after three rounds of stimulation in vitro) and the conju- served with time in both live and fixed cell studies is
very reminiscent of recent reports of antigen transfergates formed will vary both in strength of TCR recogni-
tion and length of time conjugated. Previous studies from target to CTL (Huang et al., 1999; Hudrisier et al.,
2001) and from APCs to B cells, which also form syn-have demonstrated that the MTOC and Golgi complex
polarize before the granules. We also observe that the apses (Batista et al., 2001). Interestingly, MHC class I
transfer to CTL has been shown to be antigen depen-plasma membranes between the two cells form an ex-
tensive area of tight contact, and the adhesion ring is dent, indicating that TCR recognition and synapse for-
mation are required. Furthermore, acquisition of antigensmaller in diameter when the granules are polarized (Fig-
ures 5C and 2H–J). When the granules are docked at renders the recipient CTL susceptible to lysis by other
CTL (fratricide; Huang et al., 1999).the membrane, a cleft is apparent within this region of
tight contact (Figure 5D). The granules dock preferen- Could another function of synapse formation be to
allow CTL to gradually acquire antigen with each suc-tially at the membrane opposite these clefts and secrete
their contents into them (Figure 5E). Taken together, cessive target killed? In this way, CTL which have killed
multiple targets will themselves be recognized and de-these findings show that secretion occurs within a de-
fined region of this synapse, indicating that synapse stroyed by other CTL (fratricide), and the CTL response
will be downregulated as the targets are killed. Our find-structure is important in directing secretion.
Several interesting points emerge from defining the ings are entirely consistent with this scheme and sug-
gest that unidirectional membrane transfer can occursite of granule secretion. First, secretion only occurs
Secretory Domain in the Immunological Synapse
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Experimental Proceduresduring synapse formation (Figures 7B–7F) and can lead
to CTL recognition of CTL (Figure 7G). Curiously, EM
Antibodiesof conjugates with tightly apposed membranes often
A rabbit antiserum against actin, mouse monoclonal antibodies rec-
reveals points of direct membrane fusion between CTL ognizing talin, and the cis-Golgi 58 kDa protein (p58), and FITC-
and target. These “bridges” are only seen at dissolving conjugated rat monoclonal antibodies against mouse CD11a and
synapses where the organelles have lost the tight polar- mouse CD45 were all obtained from Sigma-Aldrich. Mouse and rat
monoclonal antibodies against Lck and tubulin, respectively, wereization and the cells are slightly parted. It is difficult to
from Chemicon International, and mouse monoclonal antibodiesquantitate the frequency of these bridges. However,
recognizing PKC-were from Transduction Laboratories, and H2Ddthey are observed more frequently than a granule releas-
was from Pharmingen. The rabbit antiserum against cathepsin D
ing its contents (Figure 5E). We do not see bridges in and rat monoclonal recognizing granzyme A (7.1) (Fruth et al., 1987)
CTL which are tightly apposed in the absence of TCR were generous gifts of S. Kornfeld (Washington University, St. Louis,
recognition. One possibility is that these membrane MO) and M. Simon (Max-Planck-Institute, Freiburg, Germany), re-
spectively. Secondary antibodies conjugated to Cy3, Cy5, Texasbridges are the result of synapse formation and that
red, and FITC were all obtained from Jackson ImmunoResearchtransfer of membrane proteins occurs by virtue of these
Laboratories.continuities. Taken together, these observations sug-
gest, but do not prove, that the transfer of membrane
Cell Preparation and Cultureproteins from target to CTL may occur as a consequence
Single-cell suspensions of mouse splenocytes from C57BL/6,
of membrane fusion between the two cells leading to 129Sv/Ev, or BALB/c mice were generated by passing cells through
the CTL ripping off the membrane of the compromised a 70 m nylon strainer (Becton Dickinson). 2.5  107 responders
target as they part. The recent report by Hudrisier et al. were mixed with an equal number of BALB/c-derived stimulators
(irradiated at 3000 Rad) in 10 ml Iscove’s modified Dulbecco’s me-demonstrates that CTL acquire not only MHC class I,
dium (IMDM) supplemented with 10% FCS, 50 M 2-mercaptoetha-but also several other membrane proteins as well as
nol, and 100 U/ml IL-2 (Gibco) and 50 U/ml penicillin and streptomy-lipids from the target cell (Hudrisier et al., 2001), support-
cin (Gibco). After 5 days, CTL cells were purified by separation overing a role for membrane ripping. Furthermore, the im-
Ficoll Histopaque 1083-1 (Sigma-Aldrich), washed three times in
ages shown in Figures 7E and 7F are suggestive of IMDM, 10% FCS, and resuspended in culture medium as above
membrane under tension, as the cells part. at a density of approximately 106 cells/ml. 2–5  106 CTL were
The attractive side of these observations is that with restimulated at 7–10 days after stimulation with 2.5  107 irradiated
stimulators up to six times after the initial stimulation.every target killed, the CTL acquires more antigen, in-
P815 mouse target cells were maintained in RPMI, 10% FCS. Tocreases its chance of being killed by fratricide, and pro-
obtain clonal P815 target cells expressing the EYFP-tagged palmi-vides a self-regulating mechanism for turning off the
toylation domain of neuromodulin (pEYFP-mem; Clontech), 4  106
CTL response. There is, however, a distinctly unattrac- cells were washed and resuspended in RPMI lacking serum. Twenty-
tive side to a membrane fusion, which results in the five micrograms of pEYFP-mem DNA was added, mixed, and incu-
formation of large channels (50–90 nm) between CTL bated for 10 min at room temperature before electroporation at 270
V and 500F. Samples were left a further 10 min and then transferredand target. CTL destroy their targets by delivering gran-
to 5 ml of complete medium (RPMI, 10% FCS) and incubated for 24 hrzymes from the lytic granules into the cytoplasm of the
before adding 1 mg/ml G418. After 6 days of selection, the cells weretarget cell (Lowin et al., 1995). Although there is currently
cloned by limiting dilution in selection medium and cells expressingsome controversy about whether this delivery takes the membrane marker were referred to as P815-pEYFP-mem.
place at the plasma membrane or from an endosome
within the target (Motyka et al., 2000), it is clear that the Live Cell Video Microscopy
granzymes act on caspases in the target cell cytoplasm C57BL/6 CTL were incubated with 60 nM LysoTracker Red DND-
which trigger apoptosis (reviewed in Darmon and 99 (Molecular Probes) for 2 hr at 37C in RPMI, 10% FCS and then
washed three times in PBS and resuspended in 100 l of RPMI,Bleackley, 1998; Page et al., 1998). Do these channels
10% FCS. P815-pEYFP-mem target cells were allowed to adhereallow granzymes secreted by the CTL into the target
on a glass coverslip mounted in a temperature-controlled chamberback into the CTL? In preliminary studies, we have been
for 10 min at 37C in RPMI without serum. FCS was then restoredunable to detect transfer of either GFP or CFSE from
to the medium to a final concentration of 10% and the LysoTracker
the cytoplasm of the target to that of the CTL, or CFSE Red DND-99-loaded CTL were added to the P815-pEYFP-mem in
from the CTL to the target. It is possible that these the chamber. Sequential confocal images were acquired every 10
methods are not sensitive enough to detect transfer. s after the CTL had established contact with a target. A Nikon TE300
microscope attached to a Bio-Rad Radiance2000 MP laser scanningHowever, since CTL which have acquired the EYFP-
microscope was used, with a 488 nm and a 543 nm laser for epifluo-mem marker are clearly viable and able to continue their
rescence and Nomarski differential interference contrast for theeffector function, this supports the idea that if transfer
transmitted light. The images were processed using MetaMorphoccurs, it is too little to effect CTL cell death.
version 4.5 software.
The studies reported here reveal that CTL do form
immunological synapses with their targets. Within these Immunofluorescence
synapses, granule secretion occurs within a defined do- C57BL/6 and 129Sv/Ev CTL taken 5–8 days after stimulation and
main. One consequence of synapse formation appears P815 or P815-pEYFP-mem target cells were washed in RPMI, and
to be direct fusion of the plasma membranes between each cell pellet was resuspended to a final concentration of 5 
106 cells/ml in RPMI. CTL and target cells were mixed 1:1, left forCTL and target. This provides a mechanism for the trans-
5 min in suspension, and then plated onto glass multiwell slidesfer of antigen from target to CTL with progressive killing.
and incubated at 37C for 30–120 min. Samples were fixed for 5 minTaken together, these findings suggest that the struc-
with methanol precooled to 20C, washed extensively in PBS,
ture of the immunological synapse is important not only blocked in PBS, 1% BSA (Sigma-Aldrich), and processed for immu-
in signaling, but also in the polarized secretion which nofluorescence. Primary antibodies were added in the presence
mediates target destruction and the transfer of antigen of 1% BSA for 45 min and washed extensively in PBS, 1% BSA
(Stinchcombe et al., 2000). Secondary antibodies were added in thewhich mediates downregulation of the CTL response.
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presence of 1% BSA for 30–40 min, washed extensively in PBS, 1% Bykovskaja, S.N., Rytenko, A.N., Rauschenbach, M.O., and Bykov-
sky, A.F. (1978b). Ultrastructural alteration of cytolytic T lympho-BSA and then in PBS and mounted in PBS containing 90% glycerol
and 2.5% DABCO. Samples were examined using either an MRC- cytes following their interaction with target cells. II. Morphogenesis
of secretory granules and intracellular vacuoles. Cell. Immunol. 40,1024 Bio-Rad laser scanning confocal microscope and with the iris
set at 1.4 or a Bio-Rad Radiance2000 MP laser scanning micro- 175–185.
scope, with lasers exciting at 488, 543, and 638 nm. Three-dimen- Darmon, A.J., and Bleackley, R.C. (1998). Proteases and cell-medi-
sional (3D) images are shown represented as both single composites ated cytotoxicity. Crit. Rev. Immunol. 18, 255–273.
in Figure 4 and Supplemental Figure S1 and as 3D reconstructions
Davis, S.J., and van der Merwe, P.A. (2001). The immunologicalin Supplemental Movies S2–S7. For 3D and z axis image reconstruc-
synapse: required for T cell receptor signalling or directing T celltion, 40 (Figure 4B) or 30 (Figure 4F) confocal sections, 0.4 m apart,
effector function? Curr. Biol. 11, R289.were taken and assembled using MetaMorph Version 4.5 software.
Davis, D.M., Chiu, I., Fassett, M., Cohen, G.B., Mandelboim, O.,Z axis image reconstruction over the contact area was carried out
and Strominger, J.L. (1999). The human natural killer cell immuneusing the 3D ortholog function of MetaMorph version 4.5. Forty
synapse. Proc. Natl. Acad. Sci. USA 96, 15062–15067.conjugates were counted using CTL from C57BL/6 conjugated to
P815 targets for 30 min and stained for either Lck and cathepsin D Delon, J. (2000). The immunological synapse. Curr. Biol. 10, R214.
or granzyme A and talin.
Delon, J., and Germain, R.N. (2000). Information transfer at the im-
munological synapse. Curr. Biol. 10, R923–R933.
Electron Microscopy
Fruth, U., Prester, M., Golecki, J.R., Hengartner, H., Simon, H.G.,C57BL6/J taken 5–8 days after stimulation were incubated overnight
Kramer, M.D., and Simon, M.M. (1987). The T cell-specific serineat 37C with 2 mg/ml HRP (Boehringer Mannheim) added directly
proteinase TSP-1 is associated with cytoplasmic granules of cyto-to the growth medium. Cells were washed approximately three times
lytic T lymphocytes. Eur. J. Immunol. 17, 613–621.in RPMI and the final cell pellet was resuspended to a final concen-
Geiger, B., Rosen, D., and Berke, G. (1982). Spatial relationships oftration of5 106 cells/ml in RPMI, and 500 l aliquots were mixed
microtubule-organizing centers and the contact area of cytotoxic T1:1 with RPMI alone or containing P815 target cells (prewashed in
lymphocytes and target cells. J. Cell Biol. 95, 137–143.RPMI and also resuspended at 5  106 cells/ml in RPMI). After 5
min in suspension, samples were plated into individual wells of 12- Grakoui, A., Bromley, S.K., Sumen, C., Davis, M.M., Shaw, A.S.,
well plastic tissue culture plates (Nunc). Conjugates were incubated Allen, P.M., and Dustin, M.L. (1999). The immunological synapse: a
for a further 30–55 min at 37C, then fixed for 10–20 min by adding 1 molecular machine controlling T cell activation. Science 285,
ml of PBS containing 2 fixative (3% glutaraldehyde [Agar Scientific] 221–227.
and 4% paraformaldehyde [Electron Microscopy Sciences] directly
Huang, J.F., Yang, Y., Sepulveda, H., Shi, W., Hwang, I., Peterson,
to the incubation medium. Samples were incubated with fresh 1
P.A., Jackson, M.R., Sprent, J., and Cai, Z. (1999). TCR-mediated
fixative (1.5% glutaraldehyde and 2% paraformaldehyde in PBS) for
internalization of peptide-MHC complexes acquired by T cells. Sci-
a further 10 min, then washed with PBS and processed for DAB
ence 286, 952–954.
cytochemistry, postfixation with reduced osmium, and Epon em-
Hudrisier, D., Riond, J., Mazarguil, H., Gairin, J.E., and Joly, E. (2001).bedding as described previously (Stinchcombe et al., 2000). Semi-
Cutting edge: CTLs rapidly capture membrane fragments from tar-thick (100–300 nm) samples were contrasted with lead citrate and
get cells in a TCR signaling-dependent manner. J. Immunol. 166,examined using a Zeiss 912 Omega Electron Microscope.
3645–3649.
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